Abstract: We demonstrate two kinds of stable ultrafast fiber lasers mode-locked by topological insulator (TI) Bi 2 Se 3 nanosheets interacting with photonic crystal fiber (PCF). The saturable absorber (SA) produced by drying TI solution filled in 5.5 cm PCF provides a modulation depth of 5%, and its damage threshold is highly enhanced due to the large evanescent field interaction length. When the SA is incorporated in an erbium-doped fiber ring cavity with anomalous dispersion, a conventional soliton with 908-fs duration is obtained, and no wave-breaking and SA damage is ever shown, even for pump power at 900 mW. Through tuning polarization controller, as high as tenth harmonic mode-locking, namely, 202.7 MHz, is obtained, and it operates stably for 8 hours under lab conditions. Dissipative soliton with a duration of 7.564 ps is generated when the dispersion of cavity changes from anomalous to normal, which can be further compressed to 245 fs by additional 15-m single mode fiber, and a maximum average output of 75 mW is obtained. This TI nanosheets-PCF structure possesses advantages of stable saturable absorption performance, high damage threshold, and freedom from special package, which make it an effective choice for a passively mode-locked laser.
Introduction
Two-dimentional nano-materials have been extensively studied for passively mode-locked fiber laser (ML), due to their unique Dirac-like electronic band structures [1] - [10] . When excited by a pulse laser with single photon energy larger than their bandgap, saturation absorption is shown due to the Pauli blocking. Nowadays, versatile MLs schemes have been proposed based on semiconductor saturable absorber mirror (SESAM) [11] , single wall carbon nanotube (SWCNT) [3] , [4] , graphene [5] , [8] , [9] , and topological insulator (TI) [12] - [17] . However, SESAM suffers drawbacks of complex fabrication and narrow bandwidth, and SWCNT requires diameter manipulation as its bandgap is directly dependent on diameter. Although graphene posses broad operation bandwidth, it is highly polarization dependent. Zhao et al. have proved that the absolute modulation depth of TI, Bi 2 Se 3 , can be as high as 98% [15] , and the operation bandwidth is calculated to be from ultraviolet to 4.1 m [18] . Based on different kinds of TIs, researchers produce a number of pulse lasers within various fiber cavities.
When utilizing two-dimentional materials for ML, three major requirements have to be concerned, namely, the stability, the mode-locking performance, and the damage threshold. In fact, these problems are closely related to the methods of how to utilize those materials, rather than the physical properties of themselves. Up to now, there are mainly four schemes are used for exploiting the saturable absorption property of those materials, including fiber ferule [2] , [12] , fiber taper [13] , [14] , side-polished fiber [4] , [20] , and photonic crystal fiber (PCF) [21] . However, the damage threshold in fiber ferule method is relative low, and it also expedites to a Q-switching regime when the deposition process is not optimized. Although the damage threshold based on fiber taper and side-polished fiber is enhanced, the success probability based on fiber taper is low due to the unique light deposition method, and the large polarization-dependent loss of side-polished fiber would introduce significant nonlinear polarization rotation effect itself. Besides, special package must be employed as the evanescent fields of the tapered/side-polished fibers are directly open to the environment. Otherwise, their operating state may be disturbed by the airflow, and the saturable absorption may also weaken during long time due to the drop off of the nanomaterials.
PCF provides a more efficient way to interact with the saturable absorption materials for passively mode-locking. It can support endlessly single-mode with no higher order mode cut-off, and the air holes facilitate the filling of sample. Further, the interacting intensity with the nanomaterials can be tuned by choosing different types of PCF, and a larger interaction length is possible to be realized. Most of important, once the PCF is spliced with single mode fibers (SMFs), the close environment of the PCF makes it immune to the environment disturbance. Recently, several MLs based on PCF filled with graphene, graphene oxide solution, and Bi 2 Te 3 solution have been reported [21] - [23] . However, there are still several problems unsolved. One is the relative small air holes, which is hard to be filled with nanosheets with large diameter into a longer length even with the Siphon Effect, and the evaporation of liquid is also slow in them. Another is the distortion of the guiding mode, which is more severe to PCF based on photonicbandgap effect. Most importantly, the graphene oxide solution, or Bi 2 Te 3 solution spliced in the PCF makes the mode-locking process less stable due to the nanosheets movement in solution, of which is reflected by the relative poor performance in the radio frequency (RF) domain.
In this work, we propose two kinds of ultrafast fiber lasers mode-locked by Bi 2 Se 3 nanosheets deposited on the surface of the big air holes of 5.5 cm PCF based on total refection method. After filling by Bi 2 Se 3 nanosheets solution, the PCF is evaporated in an oven. In virtue of no liquid residue in PCF, the performance of the femtosecond pulse is very stable based on this Bi 2 Se 3 -PCF saturable absorber (SA).
Experimental Setup
The scheme of fiber ring cavity incorporating the Bi 2 Se 3 -PCF structure is shown in Fig. 1 , where 1 m erbium-doped fiber (EDF, Liekki ER 80-8/125) with a peak absorption of 80 dB/m at 1530 nm is used as gain medium, which is pumped by two 980 nm lasers through two wavelength division multiplexers (WDMs). A polarization-independent isolator is used for unidirectional operation, and a polarization controller (PC) is employed to optimize the birefringence of cavity. The 10% port of a fiber coupler is extracted for measurement. The dispersion parameter of 9.1 m SMF and EDF used in our experiment are 18 ps/nm/km and 15.7 ps/nm/km, respectively, so the total 10.1 m ring cavity corresponds to a net anomalous dispersion of À0:232 ps 2 . The output is monitored by a detector with 2 GHz bandwidth, an optical spectrum analyzer (Yokogawa, AQ6370), an autocorrelator (APE, Pulse check), an oscilloscope (Lecroy, SDA 8600A), and a frequency analyzer (Agilent, PSA E4447A).
The Bi 2 Se 3 used in our experiment is prepared by exfoliating Bi 2 Se 3 crystal produced from bismuth oxide powder and selenium powder [24] . The crystal is sonicated in N-methy1-2-pyrrolidone solution to get few-layer Bi 2 Se 3 solution, which is depicted in Fig. 2(a) . The thickness of the Bi 2 Se 3 nanosheets is about 4 nm, and its corresponding Raman spectrum containing three typical Raman peaks from different resonant modes can also be identified in Fig. 2(a) . The PCF we used here is based on total reflection method, so the deposition of Bi 2 Se 3 nanosheets on the surface of the air holes would not influence the guiding property of the PCF. The cross section of the PCF is shown in Fig. 1(c) , which has an effective field diameter of 3.5 m. The air holes have a radius of $ 27 m, which is convenient to fill. To produce the SA, we fill the Bi 2 Se 3 nanosheets solution via Siphon Effect with easiness. In the experiment, 1 m PCF can be filled within 30 minutes, and it is evaporated in an oven at 38 for 6 hours. In fact, several centimeters PCF filled with Bi 2 Se 3 nanosheets solution can be dried within 5 minutes. due to the large air holes. The evaporation process is shown in Fig. 1(c) . After evaporation, the PCF is spliced between two SMFs, and no interference effect ever been find in the transmission spectrum, as shown in Fig. 1(d) . Here, the splice loss between the pure PCF and SMF is optimized to be 3 dB, and the deposition loss of Bi 2 Se 3 nanosheets in 5.5 cm PCF is about 1 dB.
The nonlinear optical response of the SA fabricated above is measured based on a balanced two-detector methods as in [25] . We use a home-made ML with a pulse duration of 285 fs, repetition rate of 7.4 MHz, center wavelength at 1563 nm. The maximum average power of the laser is about 35 mW, corresponding to a peak power of 31 kW, and a variable optical attenuator is used to change the testing power. As the PCF is only partially functioning with the Bi 2 Se 3 nanosheets, it is inappropriate to use the pulse intensity as the interacting area is hard to calculate, so we plot the SA characteristics with pump power as in [21] , rather than the pulse intensity as in [2] and [12] . The measured experimental results are shown in Fig. 1(e) , and we fit them by the typical nonlinear transmission formula [26] :
where, T ðIÞ is the transmission, ÁT is the transmittance difference, I is the laser power, I sat is the saturable power, and T nonsat is nonsaturable absorption. In our experiment, the saturable power, transmittance difference, and the nonsaturable absorption are 15 mW, 3.5% and 0.66 mW, respectively. The normalized absorbance shows a modulation depth of 5%. We note that this modulation depth is relative smaller than those produced by depositing nanosheets onto fiber ferule or surface of tapered fiber [12] - [14] . The reason is that only a very small percentage of light passing by the PCF are interacting with Bi 2 Se 3 flakes. The modulation depth could be increased by increasing PCF length or choosing PCF with a larger mode diameter. We perform several tests of the SA, and similar results are obtained as long as the testing wavelength is fixed, indicating that the SA we produced has a very stability.
Experimental Results and Discussion

Conventional Soliton in Anomalous Dispersion Cavity
The threshold of the laser system to produce stable passively mode-locked pulse is about 25 mW. Fig. 3 depicts the typical output characteristics of conventional soliton with a fundamental frequency for pump power at 130 mW (pump1 ¼ 130 mW, pump2 ¼ 0 mW), where the average power is $0.8 mW. The pulse train in Fig. 3(a) posses a cavity round-trip of 49.33 ns, corresponding to the cavity length, and no intensity fluctuation ever shown. The pulse duration measured by an autocorrelator is about 908 fs when assuming a sech 2 shape [see Fig. 3(b) ]. Clear Kelly sidebands are shown in its optical spectrum in Fig. 3(c) , indicating that it is a typical soliton laser. The full width at half maximum (FWHM) of the spectrum is about 7.91 nm; therefore, the timebandwidth product (TBP) of this laser is 0.607, which is larger than the 0.315 for a standard transform limited pulse, indicating a large chirp in the pulses. This is mainly caused by the intense self-phase modulation due to the relative ultra high peak power and relative large anomalous dispersion. In the next experiment, we find that the TBP has been reduced when harmonic mode-locking is formed, in which the peak power is decreased as the splitting of pulse train. The RF spectrum shown in Fig. 3(d) contains a fundamental frequency of 20.27 MHz with a contras ratio larger than 80 dB, which is measured with a resolution bandwidth of 1 Hz and a span of 1 kHz. Together with the RF spectrum in 1 GHz, we can conclude reasonably that this laser system has a very good stability.
We increase the pump power to a maximum value of 900 mW (pump1 ¼ 450 mW, pump2 ¼ 450 mW), and no SA damage ever been found. Besides, the ML operates still with the fundamental frequency, namely no wave-breaking ever shown, and its output performance is very stable for even several hours. This wave-breaking-free phenomenon is observed in normal dispersion region, where quasi-rectangle temporal pulses with increasing width are generated when pumped with a larger energy. The wave-breaking-free in normal dispersion region involves mutual interactions of gain, loss, filtering, saturable absorption, dispersion and nonlinearity. In our experiment, we attribute the wave-breaking-free in the conventional soliton regime to the relative weak interacting intensity of the PCF and Bi 2 Se 3 nanosheets, which decreases the peak power density when compared with fiber ferrule method [27] . The maximum average power is about 5.5 mW, and a larger power can be obtained when the splice loss of PCF and SMF is decreased. Those characters are very attractive for industrial applications that require a high average power within a single pulse.
When turning the PC properly, stable harmonic mode-locking can be shown. Due to the high peak power, fundamental soliton splits into multiple solitons [28] . We obtain a maximum order of 10th, corresponding to 202.7 MHz. The typical temporal trains, the corresponding RF spectra, optical spectra, and the single pulse widths for pump power at 300 mW (pump1 ¼ 300 mW, pump2 ¼ 0 mW) are depicted in Fig. 4 . As shown in Fig. 4(a) , the temporal trains are rather uniform, and the contrast ratio and line width of the fundamental harmonic mode-locking in the corresponding RF spectra shown in Fig. 4(d) indicates the very well stability of the harmonic mode-locking. The FWHM of its optical spectra are 6.35 nm and 851 fs, corresponding to the TBP of 0.455. Considering that this Bi 2 Se 3 nanosheets-PCF structure posses a very high damage threshold, it is reasonable to expect a much higher harmonic mode-locking order via pumping with a larger power without damaging the SA. Here, conventional soliton lasers with both fundamental frequency and harmonic mode-locking can be obtained when the laser cavity pumped with a sufficient high power. The point for switching the two states is the polarization state variation through PC rotation. We believe that the weak evanescent field interaction of PCF and Bi 2 Se 3 may attribute to the difference, and the gain/loss adjust through polarization state variation is also responsible for the generation of HML. The splitting of the soliton is not the main point in this manuscript, and the interact and evolve of the laser will be discussed in the next step.
To further test the performance and stability for a long time, we recorded the optical spectrum, the average output power, and the pulse duration of the 10th harmonic mode-locking within 8 hours. As shown in Fig. 5(a) , the optical spectra almost keep constant in the whole period, and the average power in Fig. 5(b) only shows a fluctuation less than 0.003 mW. The variation of pulse duration is about 4 fs, which is acceptable as the measurement error of the autocorrelator is about 10 fs. Those features indicate that this laser is rather stable for a long time in the lab condition even in the harmonic mode-locking regime.
Dissipative Soliton in Normal Dispersion Cavity
We test the performance of the SA in generating dissipative soliton within a net normal dispersion cavity. The 1 m EDF in the above fiber ring cavity is replaced by 20 m EDF (Nufern EDFC-980-HP) with a dispersion parameter of À12.2 ps/nm/km, and all other devices are the same. Therefore, the total 29.1 m ring cavity corresponds to a net normal dispersion of 0.104 ps 2 . In this case, stable dissipative soliton is observed for pump power at 60 mW, and it functions with a fundamental cavity frequency of 7.04 MHz, even if the pump power is increased to 900 mW. The possible reason is that the peak power is much reduced as the pulse width is much larger than that of the above conventional soliton laser [29] . Besides, we do not observe significant hysteresis phenomena as in [29] . The maximum output power obtained is about 75 mW. The typical optical spectrum centered at 1559 nm in Fig. 6 (a) possess a width of $26 nm, and the corresponding temporal pulse train possess a duration of 7.564 ps when the data is fitted by a Gauss function. The contras ratio of the fundamental frequency in the RF spectrum is about 70 dB, when measured with the same resolution bandwidth and span as before. Therefore, this SA also functions well in a dissipative soliton system. As the phase of this highly chirped dissipative soliton is linear, its duration can be compressed by SMF with anomalous dispersion with easiness [30] - [33] . Fig. 6(b) depicts the autocorrelation trace after propagating with 15 m SMF, where a duration of 245 fs is schematically shown. Besides, we find that a bottom is located in the compressed pulse, and we attribute it to the high nonlinearity experienced by the pulse with high average power. In fact, this high nonlinearity also attributes to the small side-lobes in the optical spectrum as in Fig. 6(a) , and pulse break up happens when it propagating in a longer fiber. It is worth noting that the threshold value of the pump power of the dissipative soliton is larger than that of the conventional soliton. The possible reason is that only nonlinearity and dispersion are important in generating conventional soliton, while both gain, loss, nonlinearity, dispersion and filtering are key in forming dissipative soliton. The dissipative soliton cannot be formed until the energy in the cavity is high enough to support the phase-locking in a broad spectral range. The different cavity parameters also contribute to the difference of threshold value.
Conclusion
We have proposed two kinds of stable, ultrafast fiber lasers mode-locked by Bi 2 Se 3 nanosheets that interacting with PCF. The Bi 2 Se 3 nanosheets solution is filled into the air holes of the PCF via Siphon Effect with easiness, and after evaporation, 5.5 cm PCF is spliced between two SMFs. This SA exhibits a modulation depth of 5%, and its damage threshold is highly enhanced due to large evanescent field interacting length. After inserting it into an erbium-doped fiber ring cavity with anomalous dispersion, a stable, 908 fs conventional soliton at 1554.56 nm is obtained. By turning PC, we observed 10th harmonic mode-locked laser, which behaves rather stable in 8 hours. Besides, we also produced a 7.564 ps dissipative soliton within a normal dispersion cavity, whose duration can be further compressed to 245 fs by additional 15 m SMF, and a maximum average output power of 65 mW at fundamental frequency is obtained. Experimental results indicate that this Bi 2 Se 3 nanosheets-PCF structure possesses advantages of stable saturable absorption performance, high damage threshold, and free from special package, which make it an effective choice for stable passively mode-locked laser that would find potential applications in optical communication, sensing, etc. 
